The magnitude of the problem of brain injury in the premature infant and, particularly, the prevention of that injury, is enormous. Approximately 42 000 infants are born yearly in the United States with a birth weight 5 1500 g. Approximately 85% of these infants survive (I), and of the survivors, approximately 5-15% exhibit major spastic motor deficits grouped under the rubric "cerebral palsy" and an additional 25-50% exhibit less prominent developmental disabilities, particularly school failure (2) (3) (4) (5) . Moreover, data from Sweden (6) and England (7) demonstrate that in recent years the prevalence of cerebral palsy in infants with birth weight 5 1500 g has increased, probably largely secondary to the ever increasing survival rates for these fragile, small infants.
MAJOR NEUROLOGICAL MANIFESTATIONS AND NEUROPATHOLOGY
The major neurologic manifestations of brain injury in the premature infant are, firstly and uniformly, spastic motor deficits. These deficits consist primarily of spastic quadriparesis, characteristically with greater affection of lower than upper extremities (thus, the term "spastic diplegia"), and spastic hemiparesis. Intellectual deficits are not infrequent accompaniments. Less severe disturbances of motility and cognition occur, as noted above, in 25-50% of survivors.
The major neuropathology for the spastic motor deficits, with or without accompanying intellectual deficits, are periventricular leukomalacia and periventricular hemorrhagic infarction (previously termed by us "hemorrhagic intracerebral involvement") (8) . (Other neuropathologic substrates constitute some of the brain injury in the premature infant, e.g. posthemorrhagic hydrocephalus, pontosubicular necrosis, but on the basis of current data their roles appear to be small when compared to the two neuropathologic states under discussion.) In the following, we will consider periventricular leukomalacia and periventricular hemorrhagic infarction in sequence in terms of I ) the neuropathology, 2) the means of identifying this pathology in vivo in the neonatal period, 3) the correlation of the pathology with the subsequent neurologic deficits noted above, 4) the pathogenesis, 5 ) the probable cause(s), and 6) the possibilities for prevention.
PERIVENTRICULAR LEUKOMALACIA Periventricular leukomalacia refers to necrosis of white matter in a characteristic distribution, i.e. the cerebral white matter dorsal and lateral to the external angle of the lateral ventricles (8) . Virchow (9) described the lesion over a century ago and several years later Parrot (10) noted that the injury often affected the premature infant. Approximately 60 years later, Rydberg (1 I) suggested that the injury was related in some way to circulatory insufficiency at delivery and, in 1961, Schwartz (12) postulated that venous stasis caused by parturient events played a role in pathogenesis. The most lucid and complete description of periventricular leukomalacia is that of Banker and Larroche (13) who, in 1962, described the characteristic topography of the lesion and its cellular characteristics and suggested a relation to arterial border zones. Subsequent work has refined further the pathogenesis of periventricular leukomalacia (see below).
Neuropathology. The neuropathology of periventricular leukomalacia consists of focal necrosis of periventricular white matter, with a particular predilection for the periventricular tissue at the level of the optic radiation adjacent to the trigone of the lateral ventricles and at the level of the frontal cerebral white matter near the foramen of Monro (14) . The incidence of such lesions in autopsy studies of premature infants increases as a function of duration of postnatal survival and of frequency and severity of cardiorespiratory disturbances (14, 15) . In recent years, the incidence in very low birth weight infants has been approximately 25-40% (1 6-18).
Less severe examples of periventricular leukomalacia consist of the appearance in the periventricular region of acutely damaged glial cells and astrocytosis (19) . Gilles has used the term "perinatal telencephalic leukoencephalopathy" to characterize this less severe neuropathology (19) . A minority of examples of periventricular leukomalacia may be complicated by secondary hemorrhage (20) , which usually takes the form of multiple petechial hemorrhages within the area of leukomalacia. We believe that this hemorrhagic periventricular leukomalacia should be distinguished from the periventricular hemorrhagic infarction discussed below. Subsequently, with major degrees of periventricular leukomalacia, cystic cavities may develop. With less severe degrees, only diminished cerebral myelin with dilated lateral ventricles will be found.
Diagnosis in the neonatal period. The two principal diagnostic
procedures employed to identify periventricular leukomalacia in the living infant are ultrasound scan and CT scan. The former technique is preferable because of its portable instrumentation, high resolution, lack of ionizing radiation, and relative lack of expense.
On ultrasound scan, in the coronal projection, the lesions appear as bilateral, primarily linear echodensities just adjacent to the external angles of the lateral ventricles (8 formation occurs two to three weeks after the appearance of the echodensities. With relatively circumscribed cysts, it is common for the cystic lesions to disappear, at least ultrasonographically, after one to three months, leaving enlarged ventricles with deeased cerebral myelin. However, it is notable that, in a recent correlative ultrasonographic-neuropathologic study, only 28% of periventricular white matter lesions were detected in vivo by ultrasonography (25) . The lesions missed were diffuse astrocytic gliosis with or without myelin loss and/or focal necrosis (25) . The clinical correlate(s) of these missed lesions is (are) not known.
In the newborn, CT scan is a less preferable technique than ultrasonography to demonstrate periventricular leukomalacia because it is difficult to distinguish the lucencies in periventricular white matter that are indicative of periventricular leukomalacia from lucencies that are present in normal infants (26, 27) . Moreover, CT requires transport of the sick infant and exposure to ionizing radiation. Nevertheless, the technique does demonstrate the lesions well, especially after several weeks when the degree of white matter atrophy can be assessed.
For diagnosis of periventricular leukomalacia, magnetic resonance imaging is of limited value in the neonatal period because of the need to transport the sick infant, the relatively long duration of the study, and the difficulty of monitoring the infant while in the scanner (because of the inability to use metallic monitoring devices and to visualize the infant directly while in the magnet). However, magnetic resonance imaging demonstrates effectively the chronic pathologic consequences of periventricular leukomalacia (28, 29) .
Clinicopathologic correlations. The major long-term clinical
correlates of periventricular leukomalacia are spastic diplegia and, to a lesser extent, intellectual deficits (8) . Spastic diplegia is a type of spastic quadriparesis in which lower extremities are affected more than upper extremities. Three major lines of evidence indicate that periventricular leukomalacia results in spastic diplegia. First, the topography of the lesion includes the region of cerebral white matter traversed by descending fibers from motor cortex, and those fibers subserving function of lower extremities are more likely to be affected by the periventricular locus of the necrosis. Second, the periventricular echodensities visualized by ultrasound in the neonatal period and shown to reflect periventricular leukomalacia by postmortem studies have been documented repeatedly by ourselves and others (23) to be followed by the development of spastic diplegia. Third, both periventricular leukomalacia and spastic diplegia have been known for many years to be characteristic consequences of premature birth.
The extent of the role of periventricular white matter injury in the genesis of intellectual deficits is not entirely clear. Certainly, infants with the largest lesions and marked spastic diplegia are often intellectually deficient. It is noteworthy that the sites of predilection for periventricular leukomalacia include the fibers subserving association of visual, auditory, and somesthetic functions, so critical for learning. Perhaps of major importance is the possibility that the less prominent developmental disabilities and school failure seen in a relatively large proportion of premature infants (see above) are, at least in part, due to the smaller degrees of injury to periventricular white matter that are so frequently missed by neonatal cranial ultrasonography (see above).
Pathogenesis. Pathogenesis of periventricular leukomalacia relates to three principal factors (Table I) . First, certain periventricular vascular anatomic factors appear to render this region of the brain of the premature infant vulnerable to cerebral ischemia. (35) have shown that the border zones in periventricular white matter are most prominent in the least mature infants because of the development of the periventricular microvascular network. Additionally, premature infants with periventricular leukomalacia and no obvious history of circulatory disturbance were usually the most premature infants, whereas those infants with periventricular leukomalacia and a history of circulatory disturbance were more often less premature. These data suggest that the degree of ischemia required to produce periventricular leukomalacia is dependent upon the developmental state of the periventricular vessels, and that this state is primarily a function of gestational age. At any rate, the arterial border zones and end zones in the periventricular region have a characteristic distribution, and it is within these zones that periventricular leukomalacia occurs. Indeed, the most frequent loci for periventricular leukomalacia are within the two distinctive anterior and posterior periventricular border zones (see Neuropathology).
Second, a pressure-passive cerebral circulation (Table 1) appears to exist in the premature infant, particularly the sick infant, and this phenomenon would render the infant susceptible to decreases in cerebral blood flow and injury to periventricular white matter with hypotension. Thus, a linear direct relation between systolic blood pressure and cerebral blood flow measured by the '33Xe clearance technique (36) was documented in the first hours of life in a series of premature infants. With intact cerebrovascular autoregulation, cerebral blood flow should not be pressure-passive but rather should remain constant over a wide range of blood pressure because of arteriolar constriction with elevations of blood pressure and arteriolar dilation with decreases of blood pressure. Recent data suggest that clinically stable premature infants do not exhibit this pressure-passive cerebral circulation (37) (38) (39) . Experimental and human studies (8) suggest that the pressure-passive circulatory abnormality could result from: 1 ) the hypercarbia or hypoxemia (or both) of perinatal asphyxia, respiratory disease, and/or "normal" vaginal delivery; 2) the cranial "trauma" to the easily deformed premature head at the time of normal vaginal delivery; 3) an "immature" autoregulatory system related to the deficient muscularis of cerebral arterioles in the premature infant; 4) the occurrence of normal blood pressures that are dangerously close to the down slope of a normal autoregulatory curve; or 5) a combination of these factors. Whatever the mechanism(s), the clinical implications are enormous. Falls in arterial blood pressure may lead to seriously lowered cerebral blood flow and, ultimately, ischemic injury to vulnerable regions such as the periventricular white matter. Decreases in systemic blood pressure in the premature may result from such events as perinatal asphyxia, patent ductus arteriosus (40) , myocardial failure, apneic spells with bradycardia (4 l), sepsis, and even simple handling with caretaking procedures (42).
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Third, coupled with the pressure-passive circulatory disturbance are factors that indicate an enhanced vulnerability of the actively differentiating and/or myelinating periventricular glial cells (Table 1) . Thus, experimental studies of neonatal animals have shown a limited increase in cerebral blood flow in the periventricular white matter, presumably because of limited vasodilatory capacity, to such potent stimuli as hypoxemia, hypercarbia, and hypotension (43) (44) (45) (46) . Moreover, when compared to other brain regions, the periventricular white matter of the neonatal (or fetal) animal subjected to hypoxic-ischemic insult exhibits a degree of active anaerobic glycolysis that exceeds substrate supplies and leads to accumulation of lactic acid and VOLPE depletion of high energy compounds in cerebral white matter (43) (44) (45) (46) (47) . These latter two metabolic effects occur presumably because of the combination of the aforementioned limited vasodilatory capacity and the relatively active glycolytic capacity of periventricular glial cells. Finally, and perhaps related to the two factors just described, it is likely that the glial cells in periventricular white matter are intrinsically vulnerable to injury because they are in a developmental stage of active differentiation to astrocytes and to oligodendroglia. Moreover, some of the latter have begun active myelination in the perinatal period, and the distribution of hypoxic-ischemic periventricular white matter injury includes areas of early myelinating activity in particular (1 9). Probable cause(s) and prevention. The discussion of pathogenesis above leads to the conclusion that periventricular leukomalacia is caused primarily by systemic hypotension, sufficiently severe to lead to impaired cerebral blood flow. Thus, prevention will depend particularly on careful monitoring of circulatory status, prompt management of those events (e.g. sepsis, apneic spells) that lead to circulatory failure, and prompt therapy for such failure. However, it is likely that in the most immature infants, because of periventricular vascular factors related to maturation-dependent deficiencies of the periventricular microcirculatory network (see above), periventricular leukomalacia may occur with systemic disturbances so slight that they escape detection by even careful monitoring. Further delineation of pathogenesis, detection of imminent injury, and formulation of interventions to protect vulnerable periventricular tissue will be needed to prevent the entire spectrum of periventricular leukomalacia.
PERIVENTRICULAR HEMORRHAGIC INFARCTION
Periventricular hemorrhagic infarction refers to hemorrhagic necrosis of periventricular white matter that is usually large and almost invariably asymmetric. Most often, the lesion coexists with intraventricular hemorrhage and, indeed, approximately 15% of all infants with intraventricular hemorrhage also exhibit periventricular hemorrhagic infarction (8) . In contrast to periventricular leukomalacia, this lesion does not have a long history in the medical literature and, in fact, we believe that its current prominence relates to the recent increase in survival of very small premature infants.
Neuropathology. The neuropathology of periventricular hemorrhagic infarction is striking and consists of a relatively large region of hemorrhagic necrosis in the periventricular white matter, just dorsal and lateral to the external angle of the lateral ventricle. The necrosis is strikingly asymmetric-in the largest series reported (48) , 67% of such lesions were exclusively unilateral and, in virtually all of the remaining cases, grossly asymmetric, even though bilateral. Approximately one-half of the lesions are extensive and involve the periventricular white matter from frontal to parieto-occipital regions; the remainder are more localized. Approximately 80% of cases are associated with large intraventricular hemorrhage, and, commonly (and mistakenly), the parenchymal hemorrhagic lesion is described as "extension" of the hemorrhage. That simple extension of blood into cerebral white matter from germinal matrix or lateral ventricle does not account for the periventricular hemorrhagic necrosis has been shown clearly by several neuropathologic studies (48) (49) (50) (51) (52) (53) (54) .
Microscopic study of this periventricular hemorrhagic necrosis indicates that the lesion is a hemorrhagic infarction (48, 49, 5 1-54) . The careful studies of Gould et al. (53) and Takashima et al. (55) emphasize that: I ) the hemorrhagic component usually consists of perivascular hemorrhages that follow closely the fanshaped distribution of the medullary veins in periventricular white matter, and 2) the hemorrhagic component tends to be most concentrated near the ventricular angle where these veins become confluent and ultimately join the terminal vein in the subependymal region. Thus, it appears likely that periventricular hemorrhagic necrosis occurring in association with large intraventricular hemorrhage is, in fact, a venous infarction. This lesion is distinguishable neuropathologically from secondary hemorrhage into periventricular leukomalacia, the ischemic, usually nonhemorrhagic, and symmetric lesion of periventricular white matter of the premature infant (see above). However, distinction of these two lesions in vivo often is very difficult. In Table 2 , we compare the basic features of these two periventricular white matter lesions of the premature infant.
Diagnosis in the neonatal period. The two principal diagnostic procedures used to identify periventricular hemorrhagic infarction in vivo are ultrasound scan and CT scan. As noted for periventricular leukomalacia, ultrasonography is the preferred procedure.
On ultrasound scan, in the coronal projection, the lesions appear as unilateral or, if bilateral, clearly asymmetric, globular or triangular ("fan-shaped") echodensities radiating from the external angle of the lateral ventricle. On parasagittal projections, the extent of the lesion is visualized best and may be classified as extensive (i.e. extending from frontal to parieto-occipital regions) or localized (i.e. involving only the frontal, parietal, or parieto-occipital region).
The characteristic ultrasonographic evolution of the large echodensities is to cyst formation; these cysts, unlike the cysts of periventricular leukomalacia, tend to be single and large. Also, unlike the cysts of periventricular leukomalacia, the cysts that form after periventricular hemorrhagic infarction rarely disappear over time.
CT scan is a less preferable technique to demonstrate the acute lesion of periventricular hemorrhagic infarction for the reasons outlined regarding diagnosis of periventricular leukomalacia. However, the full extent of the periventricular parenchymal injury in the months after the acute period is delineated especially well by CT. Similarly, although not practical during the acute period, magnetic resonance imaging is particularly effective in demonstrating the extent of parenchymal destruction in the months following the neonatal period.
Although not generally available, positron emission tomography and, specifically, the measurement of regional cerebral blood flow thereby, has been used to show that the full extent of the white matter injury in periventricular hemorrhagic infarction may be underestimated by cranial ultrasonography (52) . This underestimation relates presumably to the fact that the full extent of the infarction may not be hemorrhagic and, thus, may not be demonstrated unequivocally by ultrasound scan.
Clinicopathologic correlations. The major long-term correlates of periventricular hemorrhagic infarction are spastic hemiparesis (or asymmetric quadriparesis) and intellectual deficits. The spastic hemiparesis characteristically affects lower extremities as much as upper extremities, presumably because the periventricular locus of the lesion affects descending fibers from the lower extremity region of motor cortex as much as those from the upper extremity region. (This topography is different from the more laterally-placed middle cerebral artery infarct of the asphyxiated full-term infant, which results in affection of upper more than lower extremity.)
The overall outcome of the largest reported series of infants with presumed periventricular hemorrhagic infarction, identified on ultrasound scan as intraparenchymal echodensity (IPE) greater than 1 cm, was unfavorable (48) . For the 75 infants studied, the mortality rate was 59%. (This should be contrasted with a mortality rate of 8% in the same neonatal unit at the same time for infants with the severest grade of IVH, i.e. grade I11 IVH, but no associated IPE.) Among the 22 survivors who could be examined on followup, 86% exhibited major motor deficits and 64% had cognitive function less than 80% of normal. The motor deficits correlated with the topography of the IPE, and thus consisted of either spastic hemiparesis or asymmetric spastic quadriparesis.
Prognostic estimation could be refined further by considering s3 1 On balance, however, we consider most probable the pathoge-
netic notion of obstruction of medullary and terminal veins by * IPE was defined as (periventricular) intraparenchymal echodensity intraventricular and germinal matrix blood clot.
> I cm in at least one dimension on ultrasound scan.
Thus, the pathogenetic scheme that we consider to account for t Severity graded I to 111 according to increasing amount of blood in most examples of periventricular hemorrhagic infarction is lateral ventricles, as described previously (8) .
shown in Figure 1 . This scheme should be distinguished from $ Percentage of all patients with IPE.
that operative for hemorrhagic periventricular leukomalacia (Fig.  2) , although clearly the lesions may coexist. The frequency of the severity of the IPE (Table 3) . Thus, among infants with coexistence of the two lesions is not known. Additionally, the extensive IPE (i.e. IPE that included fronto-parieto-occipital two pathogenetic schemes could operate in sequence, i.e. penregions), 30 of 37 (8 1 %) died, and of the seven survivors, all had ventricular leukomalacia could become hemorrhagic (and Persubsequent motor deficits. Overall, only one of the 37 infants haps a larger area of injury) when germinal matrix or intravenwith extensive IPE survived to have an I.Q. score greater than tricular hemorrhage subsequently causes venous o b s t~~c t i o n . 80, and none were completely normal, i.e. free of motor deficit Probable cause(.^) andprevention. The discussion of pathogenand I.Q. greater than 80. esis above leads to the conclusion that the major cause of Among infants with localized IpE (i,e, IpE confined to either periventricular hemorrhagic infarction is germinal matrix-intrathe frontal, parietal, or parieto-occipital regions), outcome was ventricular hemorrhage. Thus, prevention of the infarction cenmore favorable than after extensive IPE. Of the 38 infants with ters ~0 u n d prevention of the hemorrhage. Although several localized IPE, 14 (37%) died. Of the 15 survivors who could be approaches have been reported to be at least partially effective followed subsequently, three were free of major motor deficit for prevention (8) , we have favored the use of muscle paralysis and seven had psychometric test scores in excess of 80% of (59). normal. Overall, three (10%) of the 29 infants with localized IPE As noted above, it is possible that a minority of cases of and known outcome had both normal motor and cognitive penventricular hemorrhagic infarction are related to cerebral function subsequently. The subset of eight infants with localized ischemia and the initial occurrence of periventricular leukoma-IPE that was unilateral had the most favorable cognitive outcome lacia. In such cases, prevention would center around prevention of all, i.e. only one had a psychometric test score less than 70% of impaired cerebral blood flow. Therefore, the mxisures deof normal.
scnbed above in relation to causation and prevention of perivenPathogenesis, The pathogenesis of the periventricular hemor-tricular leukomalacia are relevant in this Context.
rhagic necrosis that appears to be a venous infarction is not entirely established. However, a direct relation to germinal ma-CONCLUSION trix-intraventricular hemorrhage seems likely on the basis of three recently defined facts (48) . First, approximately 80% of the There are two principal lesions that underlie the brain injury parenchymal lesions were observed in association with large (and and the neurologic manifestations thereof in the premature inusually asymmetric) intraventricular hemorrhage (Table 4) . Sec-fant, i.e. periventricular leukomalacia and periventricular hemond, the parenchymal iesions occurred invariably on the same orrhagic infarction. Both of these lesions may be largely preventside as the larger amount of intraventricular blood (Table 5) . able-periventricular leukomalacia by preventing impaired cerThird, the parenchymal lesions developed and progressed after ebral blood flow, particularly secondary to systemic hypotension, and periventricular hemorrhagic infarction, by preventing germinal matrix-intraventricular hemorrhage.
